INTRODUCTION
Hanford Defense Waste is a complex chemical system. The waste accumulated over a 40-yr period from nuclear fuel reprocessing for the defense program. material, the bulk of the waste consists of nonradioactive chemicals that were used in the separation of the nuclear miiterial.
While the waste contains litrge amounts of radioactive
The solubilities of three compounds (sodium nitrate, sodium nitrite, and sodium aluminate) in simulated waste were studied. chemicals that have the largest effect on eviiporator/crystallizer processing of the defense waste. represent the principal components o f Hanford waste solution. evaporator, sodium nitrate and sodium nitritc precipitate in the largest quantities, while sodium aluminate forms small crystals that rapidly increase the slurry viscosity.
These are the Together with sodium hydroxide and water, they
In the waste
The results of the solubility study are presented in this report. Since the objective was to simulate the soluliilities of salts in the waste, the solutions contained not only the salts 0 1 : interest but also other chemical species that are present in the waste. Therefore, this was not a typical phase equilibria study of salts in water.
BACKGROU NO
Construction of the Hanford facility beqan in 1943 under the direction of the U.S. Army Corps of Engineers. produce plutonium for the defense effort. Initially, 64 underground storage tanks were constructed to contain the high level radioactive waste from processing the reactor fuel. Eventually, 14!3 single-shell underground storage tanks were built with a capacity of about 94 million gallons. Since 1966, 20 double-shell underground storage tanks have been constructed. The double-shell design provides one more barriel-to the environment than the original single-shell design. In the mid-l9'70s, commitment was made to deactivate the 149 single-shell tanks and store the high level liquid waste in double-shell tanks. The goal was met in November 1980.
Various evaporative techniques have been used since 1950 to reduce the volume of the liquid waste and to ultimately allow storage in the 20 doubleshell tanks. Initially, the waste was fairly dilute, and there were many tanks available for storage and processing. The evaporative process was fairly simple under those conditions. Currently, the waste is being made into a very concentrated slurry to minimize the storage volume.
(25,000 gal) vacuum evaporator/crystall izer (Ref. 1) . Forced recirculation increases the efficiency and slows the fouling of the reboiler. feed rate is 100 gal/min with a minimum prodiJct slurry rate of 43 gal/min.
Nucleai-reactors were constructed to
The evaporator presently in use at the I-fanford Site is a large
Typical
The slurry product is pumped through 2-in. double-encased lines to the underground storage tanks. of the major constraints in evaporating the waste is the need to pump the slurry through the long pipelines.
Some of the slurry lines are 1,700 ft long. One
The pumpability of the slurry limits the evaporator product to a nominal 30 vol% suspended solids. sodium nitrite, sodium carbonate, sodium aluminate, and trisodium phosphate. The slurry is allowed to settle in the tank, and the supernatant is often 6 ' returned to the evaporator for further concentration.
The solids are typically sodium nitrate,
The sodium aluminate and trisodium phosphate are usually a small percentage of the solids, but are important solids as they build viscosity rapidly. The trisodium phosphate typically forms long needle-like crystals that make the slurry difficult to pump. "soda cracker" type crystals that make the slurry behave somewhat like a gel. carbonate solids are usually less dense than the supernatant and form floating crusts in the storage tanks.
Current operating philosophy i s t o avoid making sodium aluminate in the early evaporator passes. On the final pass, as much water as possible is removed to make the minimum volume product. The slow crystallization kinetics o f the aluminate are taken advantage of to keep the aluminate in solution until the product is in the storage tanks. There the aluminate will precipitate out and may produce an unpumpable product.
The sodium aluminate forms in small
While not a problem in the evaporator/crystallizer, the sodium Operating experience showed that there were several misconceptions in our understanding of the process chemistry (Ref. 2). temperature was found to affect the sodium nitrate and sodium nitrite solubilities much more than anticipated, and sodium aluminate precipitated from solutions in which it was thought to be unsaturated. these events compromised the safe processing of the nuclear waste, they did point out the need for additional understanding o f the process. That need formed the basis for the present study.
For example, While none of
Because o f the nature o f the transformation reactions occurring in a nuclear reactor, essentially every element below atomic number 100 is in the reprocessing waste. Understanding the total phase equilibria is not practical. be disregarded. A typical analysis of the Hanford Defense Waste is shown in Table I . As can be seen, sodium salts of nitrate, nitrite, and hydroxide are the major constituents in the waste. Sodium aluminate also i s present in fairly high concentrations, and causes some special processing problems. Therefore, the major compounds of interest are sodium nitrate, sodium nitrite, sodium aluminate and sodium hydroxide.
However, most elements are in small or trace quantities and can 
EXPERIMENTAL STRATEGY
Because o f the many components in the waste, determination of a complete phase diagram was not possible. Instead, just t h e three compounds of major importance were chosen. concentration and temperature were important in the solubility of these compounds. There were, then, five variables in the experimental scheme: temperature, and the concentrations o f sodium nitrate (NaNOl), sodium nitrite (NaNOz), sodium aluminate (NaAlOz), 2nd sodium hydroxide (NaOH).
(For lack of a precise empirical formula for sodium aluminate, NaA102 will be used through this report.) NaA102 were expected to have linear effects on solubility over the range of interest, so each was varied at two levels. Sodium hydroxide concentration and temperature were not expected to have linear effects, so each was varied over three levels.
In addition, it was known that hydroxide
As independent variables, the concentrations of NaN03, NaN02, and Figure 1 shows how the experimental design was set up. At point 1 in the figure, NaN03 solubility was measured at the high, but not saturated, levels of NaN02 ana NaA102. At point 2, NaNll3 solubility was measured at NaAlOz NaNO, FIGURE 1. Experimental Design.
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PS8-3-1 06 the same high level o f NaN02 and a lower level o f NaA102, and so on for points 3 and 4. solubility o f NaN03 as a function o f NaN02 and NaA102 concentrations at a given temperature and hydroxide concentration. hand surface, which describes the NaN02 solubility. The same high and low concentrations o f NaA102 were used in.points 5-8 as in points 1-4. Points 9-12 lie in the top face, which describes the solubility of NaA102. Again, the high and low levels of NaN02 and IlaN03 were consistent with the earlier points. In the waste compositions of interest, most salts are saturated or very close to saturation. the triple saturation point, or the point at which the three faces in Figure 1 converge. Hence, the high levels OF the variables were to be held as close to zaturation as was practical, while the low levels were chosen to be about half the high levels. This was complicated by the large changes in solubility with changes in temperature and hydroxide concentration. For example, 8 molal sodium nitrite may be close to saturation at high hydroxide Therefore, it was desirable to predict from the data concentration but would be far below saturation at low hydroxide concentration. not held constant from one cell to another, but they were held constant within each cell. Therefore, the high and low levels for the variables were In addition to the chemcial species of interest, other chemicals were present in the solutionso These chemicals were kept constant at one level throughout the experimental program. They represented the additional chemicals that are present in the waste but that were not studied in this experimental phase. These chemicals, shown in Table 3 , were set below their saturation points so that they were not precipitate. presence formed a background matrix similar to that found in the actual wastes.
However, their 
EXPERIMENTAL TECHNIQUE
The solubilities of sodium nitrate and sodium nitrite were determined using the apparatus in Figure 2 . The vessel was jacketed for precise temperature control, which was provided by a Lauda/Brinkmann constant temperature circulator. stirring efficiency o f the Teflon-coated magnetic stir bar.
o f sodium nitrate solubility in run AX-1 will be described. 100.00 g of the appropriate stock solution was introduced into the test apparatus. 0.014111 Na2SO4, and 0.07111 Na2C03. water.) The density was 1.386 g/mL and the percent water was 61.80. The concentration unit used throughout the experiments was molality. Molality was preferred over molarity because the solution volume changes with changes in temperature and additions of solute, while the amount of water remains constant. Densities were determined for all solutions so that a conversion from molality to molarity could be performed. was desirable for three reasons. use molarity. The second was to allow comparison of the results of this study with previous studies. of the molalities by comparison to the actual solution analyses performed by the Analytical Laboratory, which reports all data in molarity.
The conversion The first was that the plant operations
The third was to provide a check on the accuracy 
Both molalities and
Representing the data is not easy. The common methods such as reciprocal salts diagrams are not applicable t o the system t h a t was studied. Table 6 . The 'percentage change in NaN03" is the average change in sodium nitrate solubility with a 1% change in one of the variables. temperature effect is larger in molality units than in molarity units, because the volume of the solution increases with temperature. The change in the nitrite effect from enhancing NaN03 solubility in molality units (+0.07) to the reverse effect in molarity units (-0.3) is explained above.
Notice that the Figure 3 show that increasing NaN03 concentration increases the NaN02 solubility, as measured in molality units, while the reverse is true for molarity (Fig. 4) . The distances between lines show the strong influence of NaOH concentration in both figures.
Figures 3 and 4
Most of the trends presented for sodium nitrate
The equations for sodium nitrite solubility are shown in Table 7 . molality equations display nonlinear terms fcir hydroxide concentration and temperature. terms. There are several terms to describe the various interactions. The molarity equation is simple enough that only one equation is given. relative effects of the variables can be seen in Table 8 .
The
Nitrate and aluminate concentrations both appear in 1 inear The Figure 6 represents the molarity equation for sodium nitrite solubility. It is similar to the one for soclium nitrate (Fig. 5) . The 
SODIUM ALUMINATE
Sodium aluminate solubility behavior is slightly different from that observed for sodium nitrate and sodium nitrite. hydroxide concentration still have the largest effects on the shape of the solubility surface, the total amount of NaA102 dissolved is much lower than the amounts of NaN03 and NaN02. Figure 7 shows the solubility of sodium aluminate as a function of temperature and h:ydroxide concentrations. In general, the solubility increases with temperature and with decreasing NaOH concentration. increasing the temperature decreases the soliJbility. The figure does not show the nitrate/nitrite effects. between nitrate and nitrite which may be due to a total ionic strength effect .
While temperature and
However, there i s a region at low NaOH concentration where There is a fairly strong interaction The regression equations far sodium aluminate solubility are shown in Table 9 . equations for NaN03 and NaN02 because of a larger scatter in the data. Therefore, the equations can be used to predict NaA102 solubility to within an uncertainty o f about 10%.
These equations have larger standard errors than the corresponding
The sensitivity analysis results are shown in Tab.le 10. In molality units, the outcome is similar to the behavi0.r of NaN03 and NaN02, except that NaOH concentration has a stronger effect in this case. In molarity units, NaOH concentration is the dominant effect. Figure 8 is a representation of the sodium aluminate solubility equation in molarity units. This figure is not quite as straightforward as the corresponding NaN03 and NaN02 figures, but i t is useful in pointing Out Some features of the equation, Note how the temperature lines invert in going from saturated solution (in NaN03 and NaN02) to half-saturated. That is, solubility of NaA102 generally increases with decreasing temperature in solutions saturated in NaNO3 and NaN02, while the reverse is true in the half-saturated solutions. NaN03 and NaN02 in the saturated solution increase rapidly (strong temperature responses, Tables 6 and 8) e Since nitrate and nitrite concentrations both have rather strong inverse effects on NaA102 solubility (Table l o ) , they override the modest temperature effect, and the net result is lower NaAlO solubility. Thus, the molarity regression equation contains strong (TEMP) f NO31 and (TEMP) [NO21 interaction terms not present in the equations for nitrate and nitrite.
As the temperature increases, the amounts of .
DENSITY
The densities of all solutions were measured at temperature using pycnometers. be predicted. regression. This sample is large enough to ensure that the equations are representative o f the data. temperatures of interest were also included in the data base for the regression. The water data were added so that the regression constant would be closer to that o f pure water. Adding the water data did not appreciably affect the accuracy of the equations in the concentration range of interest. Regression equations were derived for both molarity and molality concentration units. and are shown in Table 11 . The equations fit the data very Some o f the data were regressed so that solution density could About 50 data points were randomly chosen for this
The handbook values of water density at the we1 1. The-regression coefficient, R2, was about The equations were also tested on data that were regression data set. The test data demonstrated 0.98 for both equations. not part of the original an acceptable fit. 
OTHER EFFECTS
Certain ni trate/ni tri te runs yielded cloudy solutions. Microscopic examination showed that the cloudiness was due to sodium carbonate. experiments were repeated with the sodium carbonate and sodium sulfate omitted from the matrix. change in matrix would have any effect. accuracy of the experiment, the carbonate and sulfate do not measurably affect the solubility of sodium nitrate and sodium nitrite at the concentrations that were studied.
These Several runs were made to determine whether the
The data showed that, within the The organic components were thought to have some effect on the solubilities. Several runs were made to test them. No measurable effect on nitrate/nitrite solubility was found in the tests that were run. aluminate solubility, however, was affected. At low hydroxide concentrations, the runs that had organics present had a lower concentration o f sodium aluminate than those with no organics. effect decreased as the concentration of hydroxide increased. findings were consistent with earlier studies,
Sodium
The data showed that this These
IMPLICATIONS OF THIS STUDY
One of the major results of this study is the discovery that temperature has a much larger effect than was previously believed.
addition, the solubility o f sodium nitrite was much larger at all temperatures than had been expected. hydroxide concentration had the strongest effect on solubilities, believed that a knowledge of hydroxide concentration alone would be sufficient to allow prediction of the solubilities of the other constituents.
In
Previous understanding was ihat sodium It was RHO-RE-ST-14 P While hydroxide is a major factor, the more complex relationships can now be taken into account. Figures 5, 6 , and 8 show the phase diagrams in two-dimensional plots. A computer code has also been written to calculate component solubilities based on the new relationships.
The computer code has shown that the study will not result in any new However, the study does explain several Of waste management implications. the past occurrences that were not understood. that the study has provided will allow for better control of the concentration process. 
The better understanding ~~
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